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Genetic polymorphisms in genes coding for the glucosyltransferases were detected among Streptococcus
mutans serotype c strains by Southern blot analysis with DNA probes located within the g¢fB gene (H. Aoki, T.
Shiroza, M. Hayakawa, S. Sato, and H. K. Kuramitsu, Infect. Immun. 53:587-594, 1986). Restriction
endonucleases were used to examine genomic DNAs isolated from serotype a to h strains. The variations were
readily detected among 33 strains of serotype ¢ by EcoRI and Ps/I restriction enzyme digestions. Serotypes e
and f, which are genetically similar to serotype c, also had comparable polymorphisms; however, serotypes a,
b, d, g, and h did not hybridize to the same DNA probes in parallel experiments. Further analysis of enzymatic
activities for glucan synthesis and sucrose-dependent adherence revealed no significant differences among the
serotype c strains. Our results suggested that genetic polymorphisms existing in S. mutans serotype c strains
may reflect a complexity in genes coding for the glucosyltransferases, which are produced ubiquitously in

members of the S. mutans group.

Glucosyltransferases (GTFs) identified in Streptococcus
mutans are responsible for the synthesis of both water-
soluble and -insoluble glucan polymers with sucrose as a
substrate. They are involved in the colonization of cario-
genic streptococci and therefore have become a potential
target for the generation of vaccines to protect against dental
caries (8, 11).

Recent advances in recombinant DNA technology have
made it possible to examine S. mutans strains at the gene
level. Studies of the genetic material isolated from members
of the S. mutans group (serotypes a to h) have revealed
genetic heterogeneity among these bacteria, especially in
genes coding for the GTFs (1, 2, 6, 10, 15, 16, 18, 19).
However, DNA sequences coding for the GTFs from S.
mutans (serotypes ¢ and e) have indicated a high level of
sequence identity, and these genes might exist in more than
one copy (15, 22). It has been hypothesized that the expres-
sion of multiple GTFs in S. mutans might result from
chromosomal rearrangements involving different, but par-
tially homologous, genes (15). In the case of the g¢fB gene,
sequence analysis suggests that the g#fC gene, which has
been shown to be located near gtfB, may have been derived
from gtfB through recombination and mutational events (22).
Thus, we decided to investigate the possibility of genetic
variations in GTF genes among different strains of S. mu-
tans.

In this study, we analyzed the g¢fB gene from serotype ¢
strains of S. mutans (20). Using restriction enzymes and
Southern blot analysis, we demonstrated GTF gene poly-
morphisms among serotype c¢ strains. The enzymatic activ-
ities of these strains were also characterized.

MATERIALS AND METHODS

Bacterial strains and media. The bacterial strains used in
this study are listed in Table 1. The sampling procedures and
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culturing conditions for clinical isolates were as described
previously (4). Strains were identified biochemically by the
fermentation test. Serotyping of individual strains was con-
ducted by the immunodiffusion assay as described by Ha-
mada et al. (7). S. mutans strains were maintained and grown
in brain heart infusion (BHI) broth (Difco Laboratories,
Detroit, Mich.). Escherichia coli JIM109 was grown in L
broth (10 g of tryptone [Difco], 5 g of yeast extract [Difco],
and 5 g of NaCl per liter).

Transformation of E. coli cells and preparation of plasmid
DNA for probes. Plasmid pSU20, containing the 6.4-kb g#fB
gene, was kindly provided by H. K. Kuramitsu (University
of Texas, San Antonio). This plasmid was transformed into
E. coli IM109 by the standard CaCl, method (14). Transfor-
mants were selected with ampicillin (100 pg/ml). Large-scale
(1-liter) preparations of pSU20 were made by standard
protocols (14). Highly purified plasmid DNA was obtained
by ultracentrifugation in a cesium chloride gradient contain-
ing ethidium bromide. The fluorescent pSU20 plasmid DNA
was excised, treated with isopropanol to remove ethidium
bromide, and dialyzed against 10 mM Tris-HCl-1 mM EDTA
(pH 8.0) (TE buffer). The 6.4-kb PstI fragment, which
contains the complete gtfB gene and a portion of the gtfC
gene (see Fig. 1A), was isolated and used as a probe. A
1.6-kb BamHI fragment within the 6.4-kb fragment (see Fig.
1A) and specific for the gtfB gene was selected for hybrid-
ization experiments to confirm our results. These two DNA
fragments were purified from pSU20 by Ps:l and BamHI
digestion, respectively, separated by agarose gel electropho-
resis, and recovered from the gel by electroelution twice.
These purified DNA fragments were radiolabeled with
[a-32P]dCTP by the nick translation method (17) and used as
probes.

Isolation of bacterial chromosomes and digestion of the
chromosomal DNA. S. mutans was grown in BHI broth
supplemented with 20 mmol of DL-threonine per liter as
described previously (3). The cell wall was lysed by the
method of Leblanc and Lee (13) with minor modifications. In
brief, cells from 10-ml overnight cultures were pelleted and
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TABLE 1. Bacterial strains

Strain Serotype Source
Laboratory strains
S. mutans
GS-5 c H. K. Kuramitsu®
MT730R e S. Hamada®
OMEL175 f S. Hamada
MT8148 c S. M. Michalek®
S. sobrinus
B13 d S. M. Michalek
6715 g S. M. Michalek
MFe28 h S. Hamada
S. cricetus E49 a S. Hamada
S. rattus EA1 b S. Hamada
E. coli IM109¢ National Taiwan University
Clinical isolates of c Dental Clinic, National
S. mutans® Taiwan University

e Dental Clinic, National
Taiwan University

2 University of Texas, San Antonio.

? Osaka University, Osaka, Japan.

¢ University of Alabama, Birmingham.

4 lacZAM1S recA.

¢ A total of 32 isolates of serotype ¢ were used. Serotyping was performed
by an immunodiffusion assay as previously described (7). The serotype e
strain was NTU-45.

washed. The cell pellet was treated with lysozyme (40
mg/ml) and then with 20% sodium dodecyl sulfate (SDS) in
TE buffer for 15 min at 55°C. Chromosomal DNA was
purified by phenol-chloroform extraction and dialyzed
against TE buffer.

Restriction endonucleases Bgll, EcoRI, and Pstl were
purchased from Boehringer GmbH, Mannheim, Federal
Republic of Germany. The conditions used for the digestion
of DNA were those suggested by the manufacturer.

Southern blot hybridization. Southern blot hybridization
was performed by the method of Southern (21). S. mutans
GS-5 was used as the homologous control. All of the
experiments were performed under high-stringency condi-
tions (14).

GTF activity assay. Strains of S. mutans were grown for 18
h at 37°C in BHI broth. The culture supernatant was con-
centrated by ammonium sulfate to 50% saturation. After
centrifugation, the precipitate was dissolved in 10 mM
sodium phosphate buffer (pH 6.0), dialyzed against the same
buffer, and used as the crude enzyme preparation. Water-
soluble and -insoluble glucan synthesis was determined by
the [**C]glucose-sucrose incorporation assay as described
previously (12).

SDS-PAGE. The concentrated culture supernatant was
treated at 100°C for 5 min or 37°C for 30 min with 0.01 M
Tris-HCI buffer containing 1% SDS, 1% 2-mercaptoethanol,
and 20% glycerol. Polyacrylamide gel electrophoresis
(PAGE) was performed at 40 mA per gel and 4°C for 2 h with
a 7.5% resolving-3% stacking gel in 0.1% SDS. Proteins
were stained with Coomassie brilliant blue. To detect enzy-
matic activities, we incubated gels at 37°C for 18 h in
buffered 2% sucrose. The synthesized polysaccharides were
stained with the periodic acid-Schiff reagent as described
previously (23).
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FIG. 1. (A) Restriction maps of the gifB and gt¢fC genes (10).
Black bars represent a portion of the chromosomal DNA from GS-5.
Only the relevant restriction sites are indicated. B, BamHI; Bg,
Bgll; E, EcoRI; P, Pstl. The probes were prepared as described in
the text. (B) Southern blot analysis of DNA isolated from 14 strains
of S. mutans. Hybridization was carried out as described in the text
with probe a. (Upper panel) DNAs treated with EcoRI. (Lower
panel) DNAs treated with PszI. M, Molecular size markers (kilobas-
es).

Adherence of growing cells to a glass surface. S. mutans
was grown at 37°C and a 30° angle for 18 h in 3 ml of BHI
broth containing 1% sucrose (wt/vol). The number of adher-
ent cells was determined turbidimetrically and expressed as
a percentage of the total cell mass (percent cell adherence) as
described previously (9).

RESULTS

Hybridization of DNAs to specific genes from S. mutans.
Figure 1A depicts the restriction map of a portion of chro-
mosomal DNA from S. mutans; the locations of the g¢/B and
gtfC genes are shown (arrows). The two probes used, probe
a (Pst] fragment) and probe b (BamHI fragment), are also
shown. We performed Southern blot hybridization to ana-
lyze 33 strains of serotype c by using probes a and b. In most
cases, the 6.4-kb fragment, probe a, hybridized to three
EcoRI fragments (Fig. 1B, upper panel) and to two PstI
fragments (Fig. 1B, bottom panel). The 4.6- and 3.0-kb
EcoRI fragments represent DNAs which contain portions of
the gtfB gene, and the 7.3-kb EcoRI fragment, with a lower
hybridization intensity, represents the g¢fC gene, to which
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probe a (containing gtfB) hybridizes because of its high
degree of nucleotide sequence homology (22) (Fig. 1A).
Similarly, in the PstI digest, the 6.4-kb fragment represents
the gtfB gene and the 7.3-kb fragment represents the gtfC
gene. The EcoRI and PstI hybridization patterns are both
similar to those of the GS-5 strain described by Aoki et al.
(1). Of the 33 clinical isolates analyzed, 26 exhibited the
above-described patterns (lanes 6s, 6p, 18, 23, and 37-1).
Variations in the gt#fB gene were detected in the remaining
seven clinical isolates (Fig. 1B). Of these, six were serotype
c and were designated NTU-2p, NTU-3s, NTU-4s, NTU-16,
NTU-17, and NTU-42, and one was serotype e and was
designated NTU-45. Three of these isolates (NTU-3s, NTU-
4s, and NTU-16) had only a single EcoRI fragment of 7.3 kb,
the intensity of which was stronger than those in the other
isolates. This fragment was later proved to be the superim-
position of two fragments of the same approximate size (see
below). A second distinct EcoRI pattern was present in
NTU-2p, one of the serotype c isolates, and in NTU-45, a
serotype e isolate. Two EcoRI fragments of different lengths
were detected, one equal in size to the 3.0-kb EcoRI frag-
ment and the other larger than any of the three EcoRI
fragments (Fig. 1B, upper panel).

In the case of the PstI digestion (Fig. 1B, lower panel),
most of the isolates exhibited two hybridization signals
corresponding to 6.4- and 7.3-kb fragments, while isolates
NTU-3s, NTU-17, and NTU-42 exhibited distinct restriction
patterns. The 6.4-kb fragment was not observed in NTU-17
and NTU-42, even though their EcoRI restriction pattern
was similar to that of the homologous control (Fig. 1B, upper
panel). One interesting finding was that NTU-3s DNA could
not be digested completely by PstI. Similarly, DNA from
NTU-12 could not be digested to completion by EcoRI (Fig.
1B, upper panel). In ethidium bromide-stained gels, only
high-molecular-weight DNA was detected (data not shown).
Repeated trials on separate DNA preparations from both
isolates confirmed the same findings.

Confirmation of the polymorphisms in the gifB gene. To
further demonstrate the polymorphisms and to verify the
origin of the 7.3-kb EcoRI and 7.3-kb Ps¢I fragments, we
used a shorter DNA fragment (probe b) for hybridization
experiments (Fig. 2). When probe b was used, two EcoRI
fragments instead of three were observed in strain GS-5, the
homologous control, and in NTU-6s (Fig. 2, upper panel,
left). The 3.0-kb EcoRI fragment was not detected, because
it is located upstream of the probe (Fig. 1A; an EcoRlI site
upstream of gtfB is not shown). The restriction pattern of
Pstl digestion remained unchanged (Fig. 2, lower panel,
left).

We then digested the DNA with restriction endonuclease
Bgll after digestion with EcoRI or Pstl and used the 1.6-kb
DNA fragment as a probe. Bgll cleaved at a site downstream
of gtfC. Two inseparable fragments of approximately 4.6 kb
were detected in GS-5 and NTU-6s (Fig. 2, upper panel,
right). One was the original 4.6-kb g#fB/C-containing frag-
ment, and the other was the 7.3-kb g#fC-containing EcoRI
fragment which was rendered shorter by Bgl/l. However, in
isolates NTU-3s and NTU-16, which have an EcoRI muta-
tion(s), the original single EcoRI band was cleaved into two
fragments of 7.3 and 4.8 kb after further treatment with Bgll.
This result indicated that the original single band was actu-
ally two distinct DNA fragments of similar size which could
not be well resolved in the previous gel. One was the result
of the mutated EcoRlI site within the g#fB gene, and the other
was the result of cross-hybridization with the gi¢fC gene,
which was further digested by BglI to a shorter fragment of
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FIG. 2. Southern blot analysis of seven serotype c strains probed
with the 1.6-kb BamHI fragment (probe b in Fig. 1A). (Left) DNAs
treated with EcoRI (upper panel) and PstI (lower panel). (Right)
DNAs of the same strains digested with EcoRI-BglI (upper panel)
and PstI-Bgll (lower panel). Bgll cleaved at a site downstream of the
g1fC gene but did not affect the signals contributed by the gifB gene.
(See the text for origins of individual bands). Numbers at left are
kilobases.

4.8 kb. Moreover, EcoRI-BglI-digested MT8148, a labora-
tory serotype c strain, and NTU-2p (lanes MT and 2p,
respectively) revealed a band with a slightly reduced size
because of the loss of the Bgll-EcoRI fragment downstream
of the gtfC gene. On the basis of these findings, it is evident
that a mutation in the EcoRlI site in g#fB can account for the
hybridization patterns of NTU-3s and NTU-16 and that a
mutation in the EcoRlI site in g#fC can explain the hybrid-
ization patterns of MT8148 and NTU-2p.

The Pst1 polymorphism is shown in Fig. 2, bottom panel.
After PstI-Bgll double digestion, the 7.3-kb g#fC fragment
was reduced to 5.1 kb, while the 6.4-kb gtfB/C fragment was
unchanged (Fig. 2, bottom panel, right, lanes GS-5, MT, 2p,
6s, and 16). However, NTU-17 contained the 5.1-kb frag-
ment plus one distinct larger fragment. The possible origin of
this latter fragment was a mutation that abolished the PsrI
site(s) upstream of g#fB. DNA from NTU-3s was resistant to
Pst1-Bgll digestion (lane 3s).

We further investigated several laboratory species of the
S. mutans group by Southern blot analysis with probe b.
DNAs from S. mutans serotypes e and f had a pattern of
EcoRI digestion (Fig. 3, upper panel, lanes e and f) similar to
that of the serotype c strain DNA (lane GS-5). In the Psil
digest (Fig. 3, lower panel), the serotype f strain DNA had a
restriction pattern similar to that of GS-5; DNA from the
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FIG. 3. Analysis of DNAs from members of the S. mutans group
(serotypes a to h). EcoRI and PstI digestions of nine laboratory
strains (Table 1) were carried out and followed by Southern blotting
with probe b. MT, Strain MT8148. Numbers at left are kilobases.

serotype e strain was not readily cleaved by PstI. No signals
were observed for S. sobrinus (serotypes d, g, and h), §
cricetus (serotype a), or S. rattus (serotype b).

Characterization of GTF activities. The GTF activities of
the above-mentioned strains were examined and compared
with that of GS-5. Total glucan synthesis and the ratio of
soluble glucan to insoluble glucan were determined (Table
2). It is evident that the strains had comparable GTF
activities and similarly sized GTF protein molecules, as
determined by an activity gel analysis (Fig. 4).

Adherence of cells to a glass surface. Sucrose-dependent
adherence of growing cells of S. mutans to a glass surface
was determined. The strains displayed comparable adher-
ence (Table 2).

DISCUSSION

The results of the present study indicated that genetic
variations exist among S. mutans strains of the same sero-
type, as far as the g#fB gene is concerned. The variations
observed can be categorized into three distinct restriction
patterns. One contains two EcoRI bands of 7.3 kb which
cannot be well resolved, another contains a single EcoRI
band of about 15 kb, and another contains only a PstI band
of 7.4 kb. Since most strains had restriction patterns com-
parable to that of strain GS-5, it appears that GS-5 is a
typical serotype c strain, at least in Taiwan, as far as GTF
genes are concerned. Each polymorphic restriction pattern
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TABLE 2. Glucan synthesis and cell adherence

Glucan synthesis (cpm

of [**C]glucan/h)? Ratio of soluble/
Strain insoluble glucan Adherence?
Water Water synthesized
soluble insoluble
GS-5 7,850 1,865 4.2 74.5 + 4.6
MT8148 8,243 2,136 38 80.6 + 6.4
NTU-2s 7,659 2,186 3.5 68.3 = 3.6
NTU-2p 8,626 2,005 4.3 575 47
NTU-3s 5,976 1,007 59 65.3 5.2
NTU-4s 8,554 1,812 4.7 62.8 + 49
NTU-6s 8,303 1,263 6.5 725172
NTU-12s 9,605 1,756 5.4 80.3 + 4.6
NTU-16 8,379 1,405 59 68.4 + 6.3
NTU-17 7,911 1,764 4.5 76.5 = 49
NTU-42 7,173 1,389 5.2 60.4 +9.1
NTU-45 5,983 1,647 3.6 69.2 = 3.8

2 Crude enzyme from 3 ml of a BHI broth culture supernatant was allowed
to react with [1*Clglucose-sucrose in the presence of dextran T10 at 37°C for
1 h. Average values from two assays are given.

b Expressed as a percentage of the total cell mass. Values are means *
standard deviations from triplicate cultures.

may have originated as a single-site mutation in the chromo-
somal DNA, resulting in the loss of one or two restriction
sites, either EcoRI or Pstl. Definitive proof will require
sequencing of the specific polymorphic site(s). However,
using combined restriction enzyme digestion, we clearly
demonstrated the origins of individual fragments and the
possible sites of mutations. Whether GTF gene polymor-
phisms occur randomly cannot be inferred from the results
of the present study. Large-scale analysis of serotype c
strains in a population will be helpful.

Since the genes studied (g¢fB and gtfC) are primarily
involved in insoluble glucan synthesis (1, 10), relative levels
of soluble and insoluble glucan synthesis and sucrose-depen-
dent adherence were determined for strains with different
restriction patterns. At present we do not know the effects of
the polymorphisms of the gifB and gtfC genes that we
detected (Table 2). It is likely that they may result in distinct
enzymatic characteristics, since the mutations reside inside
the coding regions of these genes. We are presently investi-
gating this possibility.

GS5 2p 3s 68 16 17 42 45

-— e

FTF -l -
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FIG. 4. Periodic acid-Schiff staining after SDS-PAGE for GTFs
and fructosyltransferases (FTF). Enzymatic activities were assayed
with crude extracts from the S. mutans strains identified above the
lanes. Gels were incubated at 37°C for 18 h in potassium phosphate-
buffered sucrose (2% [wt/vol]) with 0.1% (wt/vol) dextran, and the
synthesized polysaccharides were stained by the periodic acid-
Schiff method as described in the text.
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DNA from S. sobrinus, including serotypes d and g, failed
to show any sequence identity to S. mutans DNA in South-
ern blot analysis. The results are consistent with the fact that
evolutionarily, S. mutans (G+C content, 36 to 38%) is
distant from S. sobrinus (G+C content, 44 to 46%) (5). On
the contrary, similar restriction patterns were observed in a
serotype e strain (clinical isolate) and two laboratory sero-
type e and f strains. This result was not surprising, because
the organisms were members of the S. mutans group and
were genetically closely related. Similar results were previ-
ously reported for the g¢fC gene, which was cloned from S.
mutans LM-7 (serotype ) (15). A 300-bp gt¢fC-specific probe
detected a duplicated sequence in S. mutans serotypes c, e,
and f but not in S. sobrinus. All Southern blot analyses in the
latter study were performed under conditions of low-strin-
gency hybridization. The results of these studies may dem-
onstrate that interspecies differences exist genetically, as far
as the GTF genes are concerned.

As compared with interspecies differences, genetic varia-
tions in GTF genes within the same serotype appear to be
more interesting. Our findings introduce another aspect of
gene complexity, with regard to the differences among GTFs
expressed in S. mutans. The results of the present study
demonstrate that in addition to the heterogeneity among
GTFs in members of the S. mutans group, differences at the
DNA level also exist within the same species.
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